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Abstract
A three-dimensional numerical model to calculate the grinding temperature field distribution is presented. The finite block method, which is developed from meshless method, is used to deal with the stationary and the transient heat conduction problems in this paper. The influences of workpiece feed velocity, cooling coefficient and the depth of cut on temperature distribution are considered. The model with temperature-dependent thermal conductivity and specific heat is presented. The Lagrange partial differential matrix from the heat transfer governing equation is obtained by using Lagrange series and mapping technique. The grinding wheel-workpiece contact area is assumed as a moving distributed square heat source. The Laplace transformation method and Durbin's inverse technique are employed in the transient heat conduction analysis. The results of the developed model are compared with others’ finite element method solutions and analytical solutions where a good agreement is demonstrated. And the finite block method was proved a better convergence and accuracy than finite element method by comparing the ABAQUS results. In addition, the three-dimensional infinite element is introduced to perform the thermal analysis, and there is a great of advantages in the simulation of large boundary problems.










Grinding process could be a high-efficiency and low-cost finishing operation. However, the workpiece material might be burnt by excessive grinding temperature during the processes, because compared to the required energy to remove per unit volume of material, the grinding specific energy is relatively high, and a considerable amount of energy is transferred into workpiece as heat[1]. Various types of thermal damage may be caused, such as undesired tempering, rehardening, even metallurgical phase transformations. These could result in the lower of fatigue strength and hardness of metal materials, and the occurred residual tensile stresses might cause cracks [2]. To this end, many works have been done by simulation and experiments to deal with the issue of grinding burning.
Various 2D thermal models of grinding process have been developed  ADDIN EN.CITE [3-9]. However, the limitation of 2D analysis is obvious. For instance, the heat transfer perpendicular to the direction of feed is ignored, and the temperature distribution on the wheel-workpiece contact surface is a line rather than a face, so a number of scholars turn to the study of 3D grinding thermal models including analytical modelling, finite element method, stochastic modelling etc. 
Jaeger [3]{Jaeger, 1942 #191} systematically studied the temperature distribution of semi-infinite workpiece under moving heat source at very beginning. The 2D and 3D analytical models were performed for both a finite time and an infinite time. Results showed that for large normalized value of half-width of heat source, the temperature curves of 3D simulated results tend to that of 2D simulated values. For moderate values of the half-width of heat source, the difference is small, while for small values, the difference is very large. 
Most of thermal analytical studies in grinding process are based on Jaeger’s model [3], and many attempts have been made to solve them analytically [10,11]. Kuo and Lin [12] developed a 3D analytical model which considering various workpiece materials, and a comparison among their results, Jaeger’s results and others’ experimental results was performed to verify the advances and high accuracy of their model. Foeckerer et al.[13] presented a 3D analytical model that predicted the transient grinding temperature distribution and the hardened layer thickness with considering cooling. The results are validated by experiments and finite element analysis. Lavisse et al.[14] investigated the grinding heat flux distribution and energy partition for oil lubrication grinding by an inverse heat transfer method. Result indicates that a scalene triangle heat flux distribution matches the test temperature profiles good. Wang et al.[15] also studied the grinding heat flux profile by inverse heat transfer method. The error analyses proved that the right triangular heat flux profile is applicable for conventional shallow grinding and creep feed grinding, while parabolic heat source profile is applicable for high efficiency deep grinding (HEDG).
Using by finite element method, Li et al.[16] built a 3D model of grinding temperature distribution by ABAQUS, and the numerical results were compared with analytical solution of Jaeger [3]. It is found to be in good agreement with both results. Mao et al. [17] carried out another 3D numerical simulation by using FEM. The non-linear thermophysical properties of workpiece material have been taken into consideration, and the heat flux entering the workpiece varies with the thickness of undeformed chip. By using DEFORM, Ding et al.[18] built a temperature distribution model for cylindrical grinding. The chip removal behavior and the chip temperature are considered. The energy partition into chips was affected most by workpiece speed. 
Wang et al. [19] proposed a 3D grinding temperature field model by finite difference method. The transient heat conduction problems with considering machining parameters and energy partition were studied. Wang and Malkin [20] also developed a transient temperature distribution model using the finite difference method. The grinding process is divided into three phases: cut in, cut down and cut out. The workpiece temperature would reach a quasi-steady state value during the phase of cut down, if the workpiece is long enough. Zhang et al.[21] simulated the grinding temperature field under different cooling conditions (cryogenic air, nanofluid minimum quantity lubrication and cryogenic air nanofluid minimum quantity lubrication (CNMQL)) by finite difference method. The experiments proved the best cooling effect of CNMQL and validated the accuracy of the model.
Li and Axinte [1] obtained the 2D/3D temperature maps with highly-localized thermal information by using a stochastically grain-discretized temperature model for the first time. The interactions between grain and workpiece (rubbing, ploughing and cutting) and the impact of the grain scale were taken into account. An experiment based on an array of sacrificial thermocouples was used to validate the simulated thermal maps. A micro-scale grinding thermal model was proposed by Hou and Komanduri [22] as well, and the interaction between an abrasive grain and workpiece is considered by using probability statistics and Jaeger’s theory [3].

(a)			(b)			(c)
Fig. 1 Schematic of grinding heat based on the moving heat source with (a) uniform distributed heat source; (b) linear variable distributed heat source; (c) non-linear variable distributed heat source
There are three types of heat source on horizontal or oblique wheel-workpiece contact interface as demonstrated in Fig. 1 based on moving heat source theory: uniform distributed heat source  ADDIN EN.CITE [23,24,2-5,11,16], linear variable distributed heat source ADDIN EN.CITE [25-27,19] and non-linear variable distributed heat source [17,20]. The comparison among different types of heat source was performed in Refs  ADDIN EN.CITE [28-30]. The uniform distributed models were applied widely in shallow grinding with horizontal wheel-workpiece contact interface, while another two models were more accurate for deep grinding with oblique wheel-workpiece contact interface. 
With the development of meshless method in the past few years, it becomes more popular to solve the heat conduction problems due to its high adaptiveness and low cost in numerical analysis  ADDIN EN.CITE [31-33]. The finite block method (FBM), based on meshless point collocation method, was proposed by Li and Wen [34] for the first time to perform heat conduction study in the functionally graded media and anisotropic materials. The key features of this method are that the domain can be divided into a few blocks, and the partial differential matrices are applied on each block. The FBM is much more accurate than other meshless methods due to the continuous temperature and flux density between two adjacent blocks. The meshless FBM has more powerful application. Lei et al.[35] investigated the steel-smelting furnace wall heat conduction by meshless finite block method with consideration of corrosive inner surface of furnace wall. The location of the corrosion points on moving boundary is acquired by Lagrange interpolation and Newton–Downhill method. The collocation points in each block follow the roots of Chebyshev polynomial of first kind, which is introduced into the finite block method for the first time and results in a significant improvement of convergence. Li et al.[36] applied the meshless finite block method on the fracture analysis of functionally graded materials. Based on linear elastic fracture mechanics, the crack opening displacement and J-integral techniques are used to gain the stress intensity factors. The dynamic problems are taken into account by using Laplace transform method and Durbin’s inverse technique. Several numerical examples are conducted to demonstrate its accuracy and convergence compared with finite element method. Also, the FBM can be applied on nonlinear elasticity problems including frictionless/friction contact  ADDIN EN.CITE [37-39].
the 2D thermal analysis of grinding processes by meshless finite block method has already performed in our previous work. There is no oscillation (instability) is observed by using FBM at all in 2D models, while the oscillations phenomenon by using FEM can be observed by Dawson and Malkin [4], so many more elements would be required in his work. In the present paper, the heat conduction problem is investigated on a 3D workpiece model with material removed during moving heat source passing. For the sake of validating the efficiency and accuracy of FBM, the numerical solutions are compared with analytical solutions [3], finite element analysis results [16], FEM ABAQUS analysis results and the results of 2D analysis used by FBM.

2.	Stationary and transient heat conduction in grinding process
The surface grinding process is illustrated in Fig. 2. A moving distributed heat source is applied on the contact zoon between grinding wheel and workpiece. The contact area size is , and the depth of cut is . The heat flux into the workpiece is , which can be determined by Eq. (1) for the three heat source models in Fig. 1. 
 		(1)
where  is the specific grinding energy;  is interaction time;  is the half length of contact arc[40];  is the diameter of grinding wheel and  is energy partition. The factor  represents the energy conducted into workpiece as heat, and it can be acquired from the work by Moulik et al.[5].
In this paper, the moving heat source moves with constant velocity V on a plain that is infinite along the negative direction of x-axis. For a large depth of cut, the removing of material cannot be neglected, so the inclined angle  should be taken into consideration. The length of the contact arc is treated as a straight line of length , so the inclined angle can be determined as . 

Fig. 2 Geometry of the wheel, workpiece and slant shear plane
The governing equation for three-dimensional transient heat conduction in isotropic and continuously homogeneous media  with no internal heat source is given by the following partial differential equation:
 				(2)
with the initial condition in the domain  and boundary condition on boundary  as following
 				(3)
where  is temperature;  is thermal conductivity;  is specific heat; is mass density;  is time;  is given function;  is coordinate ;  is unit normal outwards;  and  are boundary coefficients. In the present study, the convective cooling occurs over the upper surface as shown in Fig. 6 (a), which can be written as , where  is convective cooling coefficient and  is ambient temperature.  is specified as zero in this paper. The boundary condition on the end face of undressed part is seen as ambient temperature, and other surfaces are treated as adiabatic.
For stationary heat conduction, the temporal term of Eq. (2) should be eliminated and the mapping technique and differential matrices are applied on Eq. (2) for each block. Then the matrix form of it can be obtained as following
 				(4)
where  is thermal diffusivity;  is the workpiece speed relative to the heat source and  is the number of nodes for each block. The boundary condition yields
				(5)
In the case of two or more blocks, the continuous conditions on the interface should be introduced as
 					(6)
where  indicates the interface. By solving a set of  ( is the number of blocks) linear algebraic equations from Eq. (4) to Eq. (6), the numerical solutions of temperature at each node can be determined.
For transient heat conduction problems, there are two methods can be used to solve it. One is the finite difference method which is applied by time domain technique [19], and the other one is domain transformation method, which is utilized in the present study. The Laplace transform is applied over both sides of Eq. (2), and yields Eq. (7) .
				(7)
with the boundary conditions
				(8)
where the Laplace transform is defined as following
										(9)
where  is Laplace transform parameter;  is the initial value of temperature. Following the same numerical procedures for stationary problem, the mapping technique and differential matrices are applied in Eq. (7) for each block and yields
				(10)
where  is unit diagonal matrix. The boundary conditions yield
			(11)
The continuous conditions at the interface of two blocks in the transformed domain for specified Laplace parameter  can be acquired by changing  in the stationary case with . The Durbin transformation proposed by Durbin [41] is applied to transform the Laplace domain to time domain by two steps: (1)  samples is selected in the Laplace space , and the variables  in Laplace domain are determined by FBM; (2) compute temperature  in the time domain by
					(12)
where the Laplace parameter is selected as , in which ;  and  are two free normalized parameters. The selection of parameters  depends on the observing period in the time domain. For ease of the following analysis, all variables are normalized with dimensions of unit.
If the grinding temperature is relatively high. The temperature-dependent thermal conductivity  and specific heat  should be considered. Then the linear problem translates to nonlinear problem. There exists a relationship among thermal diffusivity , thermal conductivity  and specific heat  as , so the thermal diffusivity  is temperature-dependent. According to literature [42], the thermal diffusivity  reduces as workpiece temperature goes up at the temperature lower than  (the stage of metallographic transformation is not considered in the present study). Two types of relations between thermal diffusivity  and temperature  as shown in Eq. (13) (the linear relation) and Eq. (14) (nonlinear relation) are taken into account. 
										(13)
										(14)
where ,  and  indicate the coefficients. For simplicity,  and  were taken as 1 and  was taken as 2 in the following analysis. Then Eq. (2) can be written as Eq. (15)
			(15)
For stationary heat conduction process, the matrix form of Eq. (15) can be written as Eq. (16), while for transient heat conduction process, it can be written as Eq. (17).
				(16)
				(17)
where ,  indicates the total number of nodes. The boundary conditions and continuous conditions are the same as the above analysis. 

3.	Differential matrices 
3.1 One dimensional differential matrix
The Finite Block Method is based on the Meshless Point Collocation Method with the Lagrange interpolation and mapping technique. For 1D problem, as shown in Fig. 3, a set of uniformly distributed collocation nodes in the normalized domain is collocated following  ,where  is the number of nodes along axis. With Lagrange series interpolation, a function  is approximated as Eq. (18)
								(18)
where  are nodal values. So the first order derivative of function  in terms of the nodal values can be obtained as
					(19)
The matrix form of it can be written as
 											(20)




Fig. 3 One dimensional uniformly distributed collocation points
The matrix  holds  and . The second order derivatives on each node is approximated as
 										(22)
where  is the vector of the second order derivative on each node.
3.2 Three dimensional problem
For three-dimensional problems, a cubic normalized domain with coordinate system  is considered as shown in Fig. 4 (a), and the vector of derivative nodal value in global numbering system can be defined as
							(23)
The numbering of point  is . Similar to one-dimensional problem, Eq. (23) can be written in matrix form as
 											(24)
where  and  is the total number of points. The first order differential matrix in global numbering system is 
								(25)




The collocation point  can be numbered in one global numbering and two local numbering systems, and in the global system,; in the local numbering system,; in the local numbering system,. Therefore all elements in coordinate transformed matrices  and  are  except  and  .
In addition, the method can be applied to higher order derivatives in three dimensions with respect to all coordinates, and . The nodal values of the partial are as follows:
						(28)
The higher order partial differential for three dimensional problem can be arranged, in matrix form, as
 									(29)
It is obvious that the computational effort can be reduced significantly, because only one one-dimension differential matrix  is used. 

(a)							(b)
Fig. 4 Three-dimensional node distribution in mapping domain: (a) the number system of node; (b) cubic domain with 20 seeds for the mapping geometry
4.	Coordinate transform and mapping differential matrix
The mapping technique is used to derive the partial derivatives in physical domain. As shown in the Fig. 4 (b), three-dimensional area  in the Cartesian coordinate  can be mapped into a cube  in the domain  using quadratic shape functions with 20 seeds as below
												(30)
The coordinate transform (mapping) can be written as
								(31)
where  is the coordinate of seed  in physical domain. 
The infinite element was introduced by Wood [43] to deal with an exterior boundary value problem, and was used in the finite element method by Bettess and Zienkiewicz [44]. In the present study, the infinite element was used in the meshless approach for three-dimensional problems. The infinite element model is introduced by quadratic shape functions with 12 seeds.

(a)					(b)
Fig. 5 Twelve nodes mapping: (a) normalized domain; (b) physical domain.
As seen in Fig. 5 (a), the left hand face  is mapped to infinite place in the normalized domain. The quadratic shape functions are
 			(32)
The coordinate transformation can be written as
 							(33)
The first derivative matrices for all collocation points in (21) and (25) are still valid for the infinite element except the nodes at.







5.	Numerical analysis with meshless finite block method





Fig. 6 Model of grinding process using six blocks and the boundary conditions
The normalized parameters , , , , are defined as:, , , , , where ;  is the half length of heat source;  is the half width of heat source. The dimensionless convective cooling coefficient is defined as , and the dimensionless temperature is defined as , in which  is the temperature and  is the heat flux entering the workpiece.  is the inclination angle of the wheel-workpiece interface. Numerical results will be given with square heat source . As a result of this, the dimensionless temperature  can be determined by the dimensionless parameters /,  and . The results will be compared with other solutions [3,16] and the previous study using FBM. As shown in Fig. 6 , the length, depth and width of each block are selected as ,  and  respectively, in which  represents the numbering of block. The geometric relations of different blocks are chosen as , , ,  and . The grinding conditions and material properties used in the simulation are summarized in Table 1. The distribution of the nodal points follows Chebyshev's roots as Eq. (37). Because the varied spacing of Chebyshev’s roots has a higher resolution near the trailing edge of blocks, the calculation results will be more accurate.
 							(37)
The node numbers for block I, II and III are , , , and for block IV, V and VI are , , . Mac is used to perform the computations with double precision. 
Table 1 The grinding conditions and material properties in the simulation
Dimensionless parameter  	0.2, 0.5, 1.0, 2.0, 5.0, 10.0
Dimensionless convective cooling coefficient  	0, 0.1, 1.0
Inclination angle of contact surface  	0, 15, 30, 45 ()
Half length of heat source  	1
Half width of heat source  	1
Heat conductivity coefficient  	1
Density 	1
Specific heat capacity  	1

5.1 Stationary temperature field analysis
The uniform distributed heat source is applied on the area of  and . The dimensionless convective cooling coefficient and inclination angle of contact surface are defined as . As seen in Fig. 7, the normalized temperatures  on the top surface located in the plane of  versus  for different parameters  are solved, and as a contrast, the 2D simulation is carried out as well and plotted in Fig. 7. For large , the results of 3D simulation tend to 2D simulated values, while for small , the difference between the values of 2D and 3D results is non-negligible, because the heat transfer along y-axis is taken into account for 3D model. The position in Fig. 8 locates in the plane of , because the maximum temperature occurs nearby that place in most situations. Half of the profile () in Fig. 8 are mirrored from the simulated results ( ) due to the symmetry. Fig. 9 shows the temperature profile along negative y-axis at the location of  and , where  is plotted against . The 2D results of the finite block method are calculated as comparison. These are found to be in good agreement with the analytical results [3] and numerical results [16]. It can be seen that with the increasing of , the temperature near the contact area will rise remarkably.

Fig. 7 Temperature distribution along x-axis with different dimensionless parameter  

Fig. 8 Temperature distribution along y-axis with different dimensionless parameter.
The effect of the depth of cut  on temperature distribution can be validated by different inclination angle . As shown in Fig. 10 and Fig. 11, the temperature on contact surface in the plane of  for different angle  are solved for a large value  and a small value . The surface temperature drops with the increasing of inclined angle , because the massive cutting chips take a large amount of heat away.

Fig. 9 Temperature distribution along z-axis with different dimensionless parameter 


Fig. 10 Temperature distribution on the shear plane for different inclind angle , 

Fig. 11 Temperature distribution on the shear plane for different inclind angle , .
The influence of surface cooling parameter  on the surface temperature with square heat source is observed in Fig. 12 and Fig. 13. Fig. 12 shows the surface temperature versus  in the plane of  for different cooling parameter  under the conditions of  and . Fig. 13 shows temperature distribution along y-axis in the plane of  on the same condition with that in Fig. 12. It is clear that a higher surface cooling parameter  can lower the surface temperature significantly especially for .

Fig. 12 Temperature distribution on the shear plane along x-axis with different cooling parameters

Fig. 13 Temperature distribution on the shear plane along y-axis with different cooling parameters
In addition, the effects of heat source types (uniform distributed, linear variable distributed and non-linear variable distributed) on workpiece temperature distribution are discussed. The temperature distributions in the plane of  on the contact area for three different heat sources (described in Fig. 1 and Eq. (1)) are shown in Fig. 14. Fig. 15 presents the results of 2D temperature map under the condition of  in the plane of  ((a),(c),(e)) and  ((b),(d),(f)). It is found that the types of heat source can determine the highest temperature and the area it occurs.








Fig. 15 Contours of the normalized temperature for , where (a)-(b): uniform distributed heat source; (c)-(d): linear variable distributed heat source; (e)-(f): non-linear variable distributed heat source
	The convergence and the accuracy of the finite block method on grinding heat transfer was evaluated by compared with the results of finite element method (ABAQUS). The moving time of heat source was set to long enough to guarantee that the temperature distribution achieves a balance, and the boundary conditions were the same to that of FBM analysis. The case of  was employed. The 3D simulated results of finite element method (ABAQUS) can be seen in Fig. 16, and the 3D results simulated by meshless finite block method for  and  are presented in Fig. 17.







Fig. 17 The 3D simulated results of finite block method: (a) for ; (b) for 











Fig. 19 Temperature distribution along y-axis: (a) numerical results by ABAQUS; (b) numerical results by FBM.

5.2 Transient temperature field analysis
For transient thermal conduction, the normalized parameter  is defined as . Two free parameters follow . The sample points number in the Laplace transform domain and the observing time are chosen as  and . The uniform distributed heat source is applied on the shear plane as , in which  is the Heaviside function. The initial condition is selected as . The normalized temperature  in the plane of  on the top surface is shown in Fig. 20 for . It can be seen that the transient results converge to the stationary results when  in this sample. The ABAQUS transient value for  can also be seen in Fig. 20. Results shows that the FBM values presented an acceptable match with FEM results at each time point.

Fig. 20 Temperature distribution along x-axis with normalized time intervals.


Fig. 21 Normalized temperature variation versus the normalized time for different parameter .
To validate the above conclusion for further, the normalized temperature of the middle node on the cross curve between plane  and plane  are calculated versus the normalized time . In this case, the sample points number in the Laplace transform domain is  and the observing time is . The node numbers of all six blocks are reduced to , ,  for block I, II and III, and , ,  for block IV, V and VI. It can be seen from Fig. 21 that the rate of convergence depends on the normalized parameter . The convergence will be slower with a small value of .

5.3 Temperature field analysis considering temperature-dependent parameters
The stationary temperature field analysis was conducted with consideration of temperature-dependent thermal conductivity  and specific heat . The node numbers of all six blocks are , ,  for block I, II and III, and , ,  for block IV, V and VI. The least square method is used to solve nonlinear system of equations. As seen in Fig. 22, the normalized temperature  on the top surface in the plane of  is obtained on condition of . It indicated that the temperature-dependent property of material parameter has great influence on the simulated results. 

Fig. 22 Temperature distribution along x-axis considering temperature-dependent parameters (notations: Linear relation: the thermal diffusivity of workpiece reduces linearly with temperature and follows Eq. (13); Nonlinear relation: the thermal diffusivity of workpiece reduces nonlinearly with temperature and follows Eq. (14); Independent: the thermal diffusivity of workpiece is independent on temperature)

6.	Numerical analysis with consideration of infinite element
The infinite element is used together with the finite block method to deal with the stationary temperature field problem. As shown in Fig. 23, block I and block IV are replaced by two new blocks with infinite boundary. The node number of all six blocks are as same as above stationary analysis, which are , ,  for block I, II and III, and , ,  for block IV, V and VI.

Fig. 23 Model of grinding process with four blocks, two infinite elements and the boundary conditions
Using finite block method with infinite element (FBM with IFE), the numerical solutions of the normalized surface temperature in the plane of  are solved in Fig. 24 on condition of . The above case with six normal finite blocks (3D results in Fig. 7) are also presented as a contrast. The heat source is located at . For large , there is no obvious difference between the FBM with IFE results and the FBM solutions, while on the condition of a small normalized parameter , the difference occurs. The infinite element has an advantage on the simulation of a workpiece with longer ground surface, because the longer ground workpiece can be simulated by less nodes. Also, the influence of boundary conditions can be avoided. Therefore, the accuracy of numerical simulation is improved and the computational expense is saved.

Fig. 24 Temperature distributions along x-axis both for truncated domain and unbounded  domain.

Fig. 25 The temperature distribution results along x-axis for FEM (ABAQUS), FBM, and FBM-IFE
The case of  was employed to compare the results from FEM (ABAQUS), FBM, and FBM with infinite element. Fig. 25 presents the temperature distribution at the same location as Fig. 18. The results of FEM with IFE is closer to the ABAQUS results. The results shown in Fig. 26 are located at the line along y-axis from the node with the highest temperature to the edge of workpiece. These curves have the same trend, but there are some differences between the FEM values and the other two results. That is due to the bad accuracy of FEM results along y-axis, which has been proved in Fig. 19 (a). Fig. 27 shows the temperature distribution along z-axis from the node with the highest value to the bottom of workpiece. It is almost no distinction among the three results.


Fig. 26 The temperature distribution results along y-axis for FEM (ABAQUS), FBM, and FBM-IFE

Fig. 27 The temperature distribution results along z-axis for FEM (ABAQUS), FBM, and FBM-IFE
7.	 Conclusion
The meshless finite block method can be used to deal with general heat conduction problems in the grinding process. In this paper, the meshless finite block model was proposed to predict the 3D grinding temperature field. The numerical simulation is solved by governing equations, boundary conditions and continuous conditions. The heat transfer model with temperature-dependent thermal conductivity and specific heat is deduced. The normalized temperature  were determined against three parameters ,  and . Based on the above study, the following conclusions can be drawn:
(1) For stationary heat conduction analysis by FBM, the results of 3D simulation were smaller than 2D simulated values for lower feed speed of workpiece (smaller dimensionless parameter ). However, for higher feed speed of workpiece (large dimensionless parameter ), the results of 2D and 3D simulations show a high consistency, so the 2D model can replace 3D model in this case for saving computational expense.
(2) For transient heat conduction analysis by FBM, the simulated results converge to that of stationary simulation in a certain time, and the convergent time will be longer for lower workpiece feed speed (smaller dimensionless parameter ). Besides, under the same simulated conditions, the FBM transient simulated results presented a good match with FEM (ABAQUS) results at each time point.
(3) The convergence of FBM is much better than FEM (ABAQUS). It means the simulated results of FBM is more accurate with less nodes, so the calculation cost can be reduced.
(4) In addition, the infinite element was introduced by using quadratic shape functions and mapping functions. It can help to avoid the negative effect of boundary conditions by using less nodes, so the accuracy of numerical simulation is improved and the computational expense is saved.

Acknowledgement 
The work was funded by China Scholarship Council, the Fundamental Research Funds for the Central Universities (N160306006), National Natural Science Foundation of China (51275084) and Science and technology project of Shenyang (18006001).

References
1. Li HN, Axinte D (2017) On a stochastically grain-discretised model for 2D/3D temperature mapping prediction in grinding. Int J Mach Tool Manu 116:60-762. Malkin S, Guo C (2007) Thermal Analysis of Grinding. CIRP Ann Manuf Technol 56 (2):760-7823. Jaeger J Moving sources of heat and the temperature at sliding contacts. In: J. Proc. Roy. Soc. NSW, 1942. pp 203-2244. Malkin S (1984) Inclined moving heat source model for calculating metal cutting temperatures. J Eng Ind 106:1795. Moulik P, Yang H, Chandrasekar S (2001) Simulation of thermal stresses due to grinding. Int J Mech Sci 43 (3):831-8516. Gu RJ, Shillor M, Barber GC, Jen T (2004) Thermal analysis of the grinding process. Math Comput Model 39 (9):991-1003. doi:http://dx.doi.org/10.1016/S0895-7177(04)90530-47. Lavine AS (2000) An exact solution for surface temperature in down grinding. Int J Heat Mass Transfer 43 (24):4447-4456. doi:http://dx.doi.org/10.1016/S0017-9310(00)00024-78. Mamalis A, Manolakos D, Markopoulos A, Kunádrk J, Gyáni K (2003) Thermal modelling of surface grinding using implicit finite element techniques. Int J Adv Manuf Tech 21 (12):929-9349. Parente MPL, Jorge RMN, Vieira AA, Baptista AM (2012) Experimental and numerical study of the temperature field during creep feed grinding. Int J Adv Manuf Tech 61 (1-4):127-13410. Malkin S (1974) Thermal Aspects of Grinding: Part 2—Surface Temperatures and Workpiece Burn. J Eng Ind 96 (4):1184-1191. doi:10.1115/1.343849311. Des Ruisseaux NR, Zerkle RD (1970) Thermal Analysis of the Grinding Process. J Eng Ind 92 (2):428-433. doi:10.1115/1.342776812. Kuo WL, Lin JF (2006) General temperature rise solution for a moving plane heat source problem in surface grinding. Int J Adv Manuf Tech 31 (3-4):26813. Foeckerer T, Zaeh M, Zhang OB (2013) A three-dimensional analytical model to predict the thermo-metallurgical effects within the surface layer during grinding and grind-hardening. Int J Heat Mass Transfer 56 (1):223-23714. Lavisse B, Lefebvre A, Sinot O, Henrion E, Lemarié S, Tidu A (2017) Grinding heat flux distribution by an inverse heat transfer method with a foil/workpiece thermocouple under oil lubrication. Int J Adv Manuf Tech (1–3):1-1415. Wang D, Ge P, Sun S, Jiang J, Liu X (2017) Investigation on the heat source profile on the finished surface in grinding based on the inverse heat transfer analysis. Int J Adv Manuf Tech 92 (2):1-1616. Li J, Li J (2005) Temperature distribution in workpiece during scratching and grinding. Mater Sci Eng A 409 (1):108-11917. Mao C, Zhou Z, Guo K, Li X (2010) Numerical simulation and experimental validation of the temperature field in surface grinding. Mach Sci Technol 14 (3):344-36418. Ding Z, Jiang X, Guo M, Liang SY (2018) Investigation of the grinding temperature and energy partition during cylindrical grinding. Int J Adv Manuf Tech:1-1219. Wang X, Yu T, Sun X, Shi Y, Wang W (2016) Study of 3D grinding temperature field based on finite difference method: considering machining parameters and energy partition. Int J Adv Manuf Tech 84 (5):1-1320. Guo C, Malkin S (1995) Analysis of Transient Temperatures in Grinding. J Eng Ind 117 (4):571-577. doi:10.1115/1.280353521. Zhang J, Li C, Zhang Y, Yang M, Jia D, Hou Y, Li R (2018) Temperature field model and experimental verification on cryogenic air nanofluid minimum quantity lubrication grinding. Int J Adv Manuf Tech 97 (1-4):209-22822. Hou ZB, Komanduri R (2004) On the mechanics of the grinding process, Part III—thermal analysis of the abrasive cut-off operation. Int J Mach Tool Manu 44 (44):271-28923. DesRuisseaux NR, Zerkle R (1970) Temperature in semi-infinite and cylindrical bodies subjected to moving heat sources and surface cooling. J Heat Transfer 92 (3):456-46424. Biermann D, Schneider M (1997) Modeling and simulation of workpiece temperature in grinding by finite element analysis. Mach Sci Technol 1 (2):173-18325. Rowe WB (2001) Thermal analysis of high efficiency deep grinding. Int J Mach Tool Manu 41 (1):1-19. doi:http://dx.doi.org/10.1016/S0890-6955(00)00074-226. Rowe WB, Jin T (2001) Temperatures in high efficiency deep grinding (HEDG). CIRP Ann Manuf Technol 50 (1):205-20827. Mahdi M, Zhang L (1995) The finite element thermal analysis of grinding processes by ADINA. Comput Struct 56 (2):313-320. doi:http://dx.doi.org/10.1016/0045-7949(95)00024-B28. Guo C, Malkin S (1995) Analysis of Energy Partition in Grinding. J Eng Ind 117 (1):55-61. doi:10.1115/1.280327829. Kim H-J, Kim N-K, Kwak J-S (2006) Heat flux distribution model by sequential algorithm of inverse heat transfer for determining workpiece temperature in creep feed grinding. Int J Mach Tool Manu 46 (15):2086-2093. doi:https://doi.org/10.1016/j.ijmachtools.2005.12.00730. Mohamed A-MO, Warkentin A, Bauer R (2012) Variable heat flux in numerical simulation of grinding temperatures. Int J Adv Manuf Tech 63 (5):549-55431. Belytschko T, Krongauz Y, Organ D, Fleming M, Krysl P (1996) Meshless methods: An overview and recent developments. Comput Method Appl M 139 (1):3-47. doi:https://doi.org/10.1016/S0045-7825(96)01078-X32. Sladek J, Sladek V, Zhang C (2003) Transient heat conduction analysis in functionally graded materials by the meshless local boundary integral equation method. Comp Mater Sci 28 (3):494-504. doi:http://dx.doi.org/10.1016/j.commatsci.2003.08.00633. Sladek V, Sladek J, Zhang C (2005) Local integro-differential equations with domain elements for the numerical solution of partial differential equations with variable coefficients. J Eng Math 51 (3):261-282. doi:10.1007/s10665-004-3692-y34. Li M, Wen P (2014) Finite block method for transient heat conduction analysis in functionally graded media. Int J Numer Meth Eng 99 (5):372-39035. Lei M, Li M, Wen PH, Bailey CG (2018) Moving boundary analysis in heat conduction with multilayer composites by finite block method. Eng Anal Bound Elem 89:36-44. doi:https://doi.org/10.1016/j.enganabound.2018.01.00936. Li J, Liu JZ, Korakianitis T, Wen PH (2017) Finite block method in fracture analysis with functionally graded materials. Eng Anal Bound Elem 82:57-6737. Wen PH, Cao P, Korakianitis T (2014) Finite Block Method in elasticity. Eng Anal Bound Elem 46 (Supplement C):116-125. doi:https://doi.org/10.1016/j.enganabound.2014.05.00638. Li M, Lei M, Munjiza A, Wen P (2015) Frictional contact analysis of functionally graded materials with Lagrange finite block method. Int J Numer Meth Eng 103 (6):391-41239. Li M, Meng L, Hinneh P, Wen P (2016) Finite block method for interface cracks. Eng Fract Mech 156:25-4040. Zhang J, Ge P, Jen TC, Zhang L (2009) Experimental and numerical studies of AISI1020 steel in grind-hardening. Int J Heat Mass Transfer 52 (3–4):787-79541. Durbin F (1974) Numerical Inversion of Laplace Transforms: An Efficient Improvement to Dubner and Abate's Method. Comput J 17 (4):371-376. doi:10.1093/comjnl/17.4.37142. Pearce TRA, Fricker DC, Harrison AJL (2004) Predicting the occurrence of grind hardening in cubic boron nitride grinding of crankshaft steel. Proceedings of the Institution of Mechanical Engineers Part B Journal of Engineering Manufacture 218 (10):1339-135643. Wood WL (1976) On the finite element solution of an exterior boundary value problem. Int J Numer Meth Eng 10 (4):885-89144. Bettess P, Zienkiewicz O (1977) Diffraction and refraction of surface waves using finite and infinite elements. Int J Numer Meth Eng 11 (8):1271-1290
2. Malkin S, Guo C (2007) Thermal Analysis of Grinding. CIRP Ann Manuf Technol 56 (2):760-782
3. Jaeger J Moving sources of heat and the temperature at sliding contacts. In: J. Proc. Roy. Soc. NSW, 1942. pp 203-224
4. Malkin S (1984) Inclined moving heat source model for calculating metal cutting temperatures. J Eng Ind 106:179
5. Moulik P, Yang H, Chandrasekar S (2001) Simulation of thermal stresses due to grinding. Int J Mech Sci 43 (3):831-851
6. Gu RJ, Shillor M, Barber GC, Jen T (2004) Thermal analysis of the grinding process. Math Comput Model 39 (9):991-1003. doi:http://dx.doi.org/10.1016/S0895-7177(04)90530-4
7. Lavine AS (2000) An exact solution for surface temperature in down grinding. Int J Heat Mass Transfer 43 (24):4447-4456. doi:http://dx.doi.org/10.1016/S0017-9310(00)00024-7
8. Mamalis A, Manolakos D, Markopoulos A, Kunádrk J, Gyáni K (2003) Thermal modelling of surface grinding using implicit finite element techniques. Int J Adv Manuf Tech 21 (12):929-934
9. Parente MPL, Jorge RMN, Vieira AA, Baptista AM (2012) Experimental and numerical study of the temperature field during creep feed grinding. Int J Adv Manuf Tech 61 (1-4):127-134
10. Malkin S (1974) Thermal Aspects of Grinding: Part 2—Surface Temperatures and Workpiece Burn. J Eng Ind 96 (4):1184-1191. doi:10.1115/1.3438493
11. Des Ruisseaux NR, Zerkle RD (1970) Thermal Analysis of the Grinding Process. J Eng Ind 92 (2):428-433. doi:10.1115/1.3427768
12. Kuo WL, Lin JF (2006) General temperature rise solution for a moving plane heat source problem in surface grinding. Int J Adv Manuf Tech 31 (3-4):268
13. Foeckerer T, Zaeh M, Zhang OB (2013) A three-dimensional analytical model to predict the thermo-metallurgical effects within the surface layer during grinding and grind-hardening. Int J Heat Mass Transfer 56 (1):223-237
14. Lavisse B, Lefebvre A, Sinot O, Henrion E, Lemarié S, Tidu A (2017) Grinding heat flux distribution by an inverse heat transfer method with a foil/workpiece thermocouple under oil lubrication. Int J Adv Manuf Tech (1–3):1-14
15. Wang D, Ge P, Sun S, Jiang J, Liu X (2017) Investigation on the heat source profile on the finished surface in grinding based on the inverse heat transfer analysis. Int J Adv Manuf Tech 92 (2):1-16
16. Li J, Li J (2005) Temperature distribution in workpiece during scratching and grinding. Mater Sci Eng A 409 (1):108-119
17. Mao C, Zhou Z, Guo K, Li X (2010) Numerical simulation and experimental validation of the temperature field in surface grinding. Mach Sci Technol 14 (3):344-364
18. Ding Z, Jiang X, Guo M, Liang SY (2018) Investigation of the grinding temperature and energy partition during cylindrical grinding. Int J Adv Manuf Tech:1-12
19. Wang X, Yu T, Sun X, Shi Y, Wang W (2016) Study of 3D grinding temperature field based on finite difference method: considering machining parameters and energy partition. Int J Adv Manuf Tech 84 (5):1-13
20. Guo C, Malkin S (1995) Analysis of Transient Temperatures in Grinding. J Eng Ind 117 (4):571-577. doi:10.1115/1.2803535
21. Zhang J, Li C, Zhang Y, Yang M, Jia D, Hou Y, Li R (2018) Temperature field model and experimental verification on cryogenic air nanofluid minimum quantity lubrication grinding. Int J Adv Manuf Tech 97 (1-4):209-228
22. Hou ZB, Komanduri R (2004) On the mechanics of the grinding process, Part III—thermal analysis of the abrasive cut-off operation. Int J Mach Tool Manu 44 (44):271-289
23. DesRuisseaux NR, Zerkle R (1970) Temperature in semi-infinite and cylindrical bodies subjected to moving heat sources and surface cooling. J Heat Transfer 92 (3):456-464
24. Biermann D, Schneider M (1997) Modeling and simulation of workpiece temperature in grinding by finite element analysis. Mach Sci Technol 1 (2):173-183
25. Rowe WB (2001) Thermal analysis of high efficiency deep grinding. Int J Mach Tool Manu 41 (1):1-19. doi:http://dx.doi.org/10.1016/S0890-6955(00)00074-2
26. Rowe WB, Jin T (2001) Temperatures in high efficiency deep grinding (HEDG). CIRP Ann Manuf Technol 50 (1):205-208
27. Mahdi M, Zhang L (1995) The finite element thermal analysis of grinding processes by ADINA. Comput Struct 56 (2):313-320. doi:http://dx.doi.org/10.1016/0045-7949(95)00024-B
28. Guo C, Malkin S (1995) Analysis of Energy Partition in Grinding. J Eng Ind 117 (1):55-61. doi:10.1115/1.2803278
29. Kim H-J, Kim N-K, Kwak J-S (2006) Heat flux distribution model by sequential algorithm of inverse heat transfer for determining workpiece temperature in creep feed grinding. Int J Mach Tool Manu 46 (15):2086-2093. doi:https://doi.org/10.1016/j.ijmachtools.2005.12.007
30. Mohamed A-MO, Warkentin A, Bauer R (2012) Variable heat flux in numerical simulation of grinding temperatures. Int J Adv Manuf Tech 63 (5):549-554
31. Belytschko T, Krongauz Y, Organ D, Fleming M, Krysl P (1996) Meshless methods: An overview and recent developments. Comput Method Appl M 139 (1):3-47. doi:https://doi.org/10.1016/S0045-7825(96)01078-X
32. Sladek J, Sladek V, Zhang C (2003) Transient heat conduction analysis in functionally graded materials by the meshless local boundary integral equation method. Comp Mater Sci 28 (3):494-504. doi:http://dx.doi.org/10.1016/j.commatsci.2003.08.006
33. Sladek V, Sladek J, Zhang C (2005) Local integro-differential equations with domain elements for the numerical solution of partial differential equations with variable coefficients. J Eng Math 51 (3):261-282. doi:10.1007/s10665-004-3692-y
34. Li M, Wen P (2014) Finite block method for transient heat conduction analysis in functionally graded media. Int J Numer Meth Eng 99 (5):372-390
35. Lei M, Li M, Wen PH, Bailey CG (2018) Moving boundary analysis in heat conduction with multilayer composites by finite block method. Eng Anal Bound Elem 89:36-44. doi:https://doi.org/10.1016/j.enganabound.2018.01.009
36. Li J, Liu JZ, Korakianitis T, Wen PH (2017) Finite block method in fracture analysis with functionally graded materials. Eng Anal Bound Elem 82:57-67
37. Wen PH, Cao P, Korakianitis T (2014) Finite Block Method in elasticity. Eng Anal Bound Elem 46 (Supplement C):116-125. doi:https://doi.org/10.1016/j.enganabound.2014.05.006
38. Li M, Lei M, Munjiza A, Wen P (2015) Frictional contact analysis of functionally graded materials with Lagrange finite block method. Int J Numer Meth Eng 103 (6):391-412
39. Li M, Meng L, Hinneh P, Wen P (2016) Finite block method for interface cracks. Eng Fract Mech 156:25-40
40. Zhang J, Ge P, Jen TC, Zhang L (2009) Experimental and numerical studies of AISI1020 steel in grind-hardening. Int J Heat Mass Transfer 52 (3–4):787-795
41. Durbin F (1974) Numerical Inversion of Laplace Transforms: An Efficient Improvement to Dubner and Abate's Method. Comput J 17 (4):371-376. doi:10.1093/comjnl/17.4.371
42. Pearce TRA, Fricker DC, Harrison AJL (2004) Predicting the occurrence of grind hardening in cubic boron nitride grinding of crankshaft steel. Proceedings of the Institution of Mechanical Engineers Part B Journal of Engineering Manufacture 218 (10):1339-1356
43. Wood WL (1976) On the finite element solution of an exterior boundary value problem. Int J Numer Meth Eng 10 (4):885-891
44. Bettess P, Zienkiewicz O (1977) Diffraction and refraction of surface waves using finite and infinite elements. Int J Numer Meth Eng 11 (8):1271-1290




